. Transient upset effects are generally important only for optocouplers with highgain amplifiers, and are expected to be of secondary importance for these devices compared to displacement degradation. Several advances have been made in optocoupler technology that improve performance and reduce input current by more than an order of magnitude. The purpose of the present paper is to evaluate new optocoupler technologies and compare their radiation response with results for older devices. Four devices were selected for the study, and some key properties are shown in Table 1 . Two new optocouplers from Agilent Technologies were evaluated that are designed to operate with unusually low input currents -as low as 40 pA -with Darlington phototransistors for amplification. As shown in the table, both devices have much higher current transfer ratio than older optocouplers. Both devices are low-speed, low power parts with open collector outputs, and do not incorporate high-gain amplifier circuits. A special high-linearity optocoupler that provides matched photocurrents in two photodiodes from a single intemal LED was also selected for the study. Tests were also done on several lots of the older 4N49 optocoupler (manufactured by Micropac) in order to determine how the radiation response of this highly sensitive device, which continues to be used in space systems, has varied over a production period of about 7 years.
tThe research in this paper was carried out at the Jet Propulsion Laboratory, Califomia Institute of Technology, under contract with the National Aeronautics and Space Administration (NASA), under the NASA Electronic Parts and Packaging Program (NEPP), Code AE.
Second, the CTR of these devices is much higher than that of conventional optocouplers. Third, these devices are far less affected by radiation damage than the 4N49 optocoupler, in spite of the higher CTR and very low LED input current. The transistor collector current at which the CTR "peaks" moves to higher values as the LED degrades because of the lower photocurrent. Results for the 6N139, which has a higher input current rating, were similar to the results for the HCPL-4701 as shown in Figure 3 . However, the CTR degradation is approximately a factor of two less for the 6N139 at the highest fluence. The improvement is not due to optical efficiency (see the Discussion section), but is caused by the higher light output of the LED. This raises the operating current of the phototransistor into a region where it operates more efficiently. Figure 4 shows how photocurrent in this device is affected by radiation. Note that the photoresponse of this device is more than two orders of magnitude lower than that of the optocouplers described in the previous section. Degradation of this device is very similar to CTR degradation in the HCPL-4701 (Figure 2 ), and is dominated by LED degradation, although photoresponse degradation also plays a role. The photocurrent of the two photodiodes remained closely matched, even after very high radiation levels.
Matching is a critical parameter for most circuit applications of this device.
D. Resultsfor the 4N49
systems even though it is extremely sensitive to proton displacement damage. Figure 5 shows the normalized degradation of CTR, photoresponse, and transistor gain for a recent lot of devices from Micropac. Degradation of the 4N49 CTR does not track the photoresponse degradation as closely as for the Agilent device in Figure 2 , even though the 4N49 uses an LED technology that is far more sensitive to proton damage [2]. The reason for this is the decrease in phototransistor gain as the LED output reduces the operating current of the phototransistor to the point where it is less efficient. The peak gain of the phototransistor in the 4N49 occurs at currents that are considerably greater than the operating current with IF = 1 mA, increasing the importance of the current dependence of transistor gain in the overall performance of that device type. Even though (electrical) gain degradation at fixed injection changes very little (measured electrically with external base current), the response of the optocoupler is markedly affected by the decreased injection level that occurs as the LED degrades. is connected as an emitter follower. This increases photocurrent by the factor hm, which increases base current in the second transistor by the same factor. Photoresponse measurements cannot be made on the first Darlington transistor with the normal pin configuration, but can be made on the second transistor. However, the currents are increased by the factor hm. That is not the case for the HCNR-200; it uses a basic photodiode.
The ratio of the photoresponse measurement to the LED current of the different types of devices is shown in Table 2 . This table does not take the optical efficiency of the LED into account, but it clearly shows that the overall optical-to-electrical efficiency of the new types of optocouplers is substantially improved compared to the older optocoupler types. The overall photoresponse of the HCNR-200 is about five time better than that of the 4N49, taking into account that the LED current is split between the two photodetectors in the dual assembly, The first transistor, which is also the photodetector, 
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The Agilent optocouplers use a sandwich construction method that increases the coupling efficiency, while the 4N49 uses a configuration where the LED assembly is mounted alongside the phototransistor, relying on a polymer coating for light coupling [2] .
B. Annealing
Although some annealing may also occur in phototransistors, annealing in light-emitting diodes is usually the dominant mechanisms in optocouplers. Annealing in LEDs is strongly injection dependent, and it has been shown that LED damage remains stable over periods of several months for unbiased devices [ 1 13, even for LEDs that are strongly affected by injection-enhanced annealing. As soon as current is applied to the device, the annealing process begins. Older work on discrete LEDs has shown that a currenttime product (charge) of about 0.01 C is sufficient to cause significant annealing. Optocoupler measurements need to be planned to take this sensitivity into account. Although annealing may ultimately help in space applications, it is effectively an interference during characterization measurements, and can lead to inconsistent results. measurements of the Agilent Technologies optocouplers over time periods of a few weeks indicate that they anneal very little, even when forward bias is applied to the LED for extended periods. This is consistent with older results for discrete doubleheterojunction LEDs [6, 11] . LEDs that are amphoterically doped with silicon have been shown to be the most sensitive to annealing effects. separate LED degradation from photoresponse degradation in optocouplers (it is not possible to separate these factors without special measurements on partially depackaged devices). Photoresponse will be unaffected by annealing.
Not all LED technologies anneal. Annealing
Annealing measurement also provide a way to C. Performance of the Optek 4N49 over Extended Time Periods
Previous work showed that degradation in older versions of the 4N49 optocoupler was dominated by degradation of the internal light-emitting diodes [2] , which are amphoterically doped. This produces very efficient LEDs [ 121, but they are extremely sensitive to displacement damage because of the broad transition region from p-to n-material that is formed by gradually altering the temperature during the growth phase. Consequently, these devices require long carrier lifetimes for operation, which is the reason they are so strongly sensitive to displacement damage.
A comparison of degradation of several lots of 4N49 devices is shown in Figure 7 . There is considerable difference in the radiation sensitivity of different lots, and this appears to be related to the light-emitting diodes, based on previous work with discrete LEDs and phototransistors as well as photoresponse and gain measurements that were made on the more recent 4N49 lots. CTR values (the mean CTR with IF = 1 mA was above 10 for that lot, even though the minimum guaranteed CTR is 2). The increase in CTR allows the phototransistor to operate in a more efficient region, reducing the effect of current dependence of transistor gain as the LED output degrades. The photoresponse, which was measured for three of the four lots, was also higher for the lots with better radiation performance. The interplay between light output and radiation damage is cause for concern, because a device with reduced initial light output will be considerably more sensitive to displacement damage degradation than the rest of the devices within a device lot. This is particularly the case for the 4N49, where LED degradation dominates because the phototransistor is forced to operate at very low collector current with reduced efficiency. As shown in Figure 7 , the light output can decrease by a factor of 10 or more. Although this interplay is still present for devices with improved LEDs, it is less apparent because the LED light output is relatively less.
The lot with the best performance had much higher VI. CONCLUSIONS This paper compares radiation damage in a new series of basic, open-collector optocouplers with that of older devices. These new device designs have much higher current transfer ratios compared to the older 4N49, and can be irradiated to levels that are more than a factor of ten higher than the 4N49 before significant degradation occurs in a proton environment.
Gain and photoresponse degradation was similar for the new optocouplers and the older 4N49 devices, providing direct evidence that LED degradation is the main reason for the improved radiation performance.
Analysis of the results and comparison with a more elementary type of optoisolator in this same series of devices shows that the increased CTR is due to the circuit design, which incorporates a Darlington transistor. The improved radiation performance occurs because the Agilent devices use double-heterojunction LEDs. Even though one of the devices uses very low drive current -40 pA -it is still at least an order of magnitude more resistant to proton damage than the 4N49, which requires a drive current of 1 mA. Thus, these devices are promising candidates for space applications.
